Various astrophysical relevant molecules obeying the empirical formula C 2 H 3 NO are characterized using explicitly correlated coupled cluster methods (CCSD(T)-F12). Rotational and rovibrational parameters are provided for four isomers: methyl isocyanate (CH 3 NCO), methyl cyanate (CH 3 OCN), methyl fulminate (CH 3 ONC), and acetonitrile N-oxide (CH 3 CNO). A CH 3 CON transition state is inspected. A variational procedure is employed to explore the far infrared region because some species present non-rigidity. Second order perturbation theory is used for the determination of anharmonic frequencies, rovibrational constants, and to predict Fermi resonances. Three species, methyl cyanate, methyl fulminate, and CH 3 CON, show a unique methyl torsion hindered by energy barriers. In methyl isocyanate, the methyl group barrier is so low that the internal top can be considered a free rotor. On the other hand, acetonitrile N-oxide presents a linear skeleton, C 3v symmetry, and free internal rotation. Its equilibrium geometry depends strongly on electron correlation. The remaining isomers present a bend skeleton. Divergences between theoretical rotational constants and previous parameters fitted from observed lines for methyl isocyanate are discussed on the basis of the relevant rovibrational interaction and the quasi-linearity of the molecular skeleton. Published by AIP Publishing. [http://dx.
INTRODUCTION
Methyl isocyanate (MIC, CH 3 NCO) is a well-known molecule because it was the principal toxicant involved in the Bhopal disaster, one of the largest toxic chemical catastrophe in world history. It is a relevant chemical compound for the production of carbamate pesticides, rubbers, and adhesives. As a result of its toxicity and volatility, it has been classified in the group of VOCs (Volatile Organic Compounds). In standard conditions, MIC is a liquid with melting and boiling point at −45 • C and 39.5 • C, respectively. 1 In addition to the atmospheric interest and applications, MIC is a relevant extraterrestrial molecule. In 2015, the Philae sounder of the Rosetta spacecraft landed on the 67P comet surface revealing the presence of various organic compounds. Methyl isocyanate was seen for the first time on a comet, 2 Very recently, after an extensive search, the molecule was also detected in gas phase sources 3, 4 although abundances are weakly correlated with those measured in the comet surface. Simultaneously, Halfen et al. 3 discovered MIC in Sg B2(N) using the Arizona Radio Observatory Submillimeter Telescope, and Cernicharo et al. 4 detected it in Orion.
Various MIC isomers are considered to be astrophysically detectable molecules. 5 In general, excluding diatomic species, ∼30% of all interstellar molecules have observed isomeric a) Author to whom correspondence should be addressed. Electronic mail: senent@iem.cfmac.csic.es counterparts. 6 Accordingly, this paper attends to the MIC spectroscopic properties and to several organic compounds obeying the C 2 H 3 NO empirical formula such as methyl cyanate (MC, CH 3 OCN), fulminate (FULM, CH 3 ONC), acetonitrile N-oxide (AOX, CH 3 CNO), and CH 3 CON (MCON). Methyl isocyanate represents the most stable form. MC, FULM, and AOX are considered metastable species that can act as reaction intermediates. The stability of MCON is questionable.
The non-standard conditions of extraterrestrial sources could make possible the viability of low stability species. For C 2 H 3 NO isomers, the rotational line intensities and partition functions required for the assignments of the radioastronomical observations depend strongly on the low energy torsional and skeleton bending mode excitations. 4, 5 Three species, MC, FULM, and MCON, show a unique torsional mode hindered by energy barriers. In MIC, the methyl group barrier is so low that the methyl top can be considered a free rotor. On the other hand, AOX presents a linear skeleton, C 3v symmetry, and free internal rotation.
Unfortunately, few previous experimental and theoretical works attend to low stable isomers MC, FULM, and AOX. [7] [8] [9] [10] [11] [12] [13] [14] To our knowledge nothing has been said concerning MCON. Sakaizumi et al. 7 first analyzed the methyl cyanate microwave spectrum and estimated the dipole moment to be 4.26(46) D (µ a = 4.07(6); µ b = 1.24 (40) ). Very recently, the millimeter wave spectrum (700 transitions within J ′′ = 10-35 and K a ′′ = 0-13) was recorded deriving spectroscopic constants reproducing the spectrum close to the experimental uncertainty. 5 Earlier, in 1995, Pasinszki and Wetwood 8 synthesized MC and characterized it by HeI photoelectron spectroscopy, photoionization mass spectroscopy, and infrared spectroscopy for the first time. They used MP2/6-31G** and CIS/6-31G** to help assignments.
Pasinszki and Wetwood 9 dedicated attention to the acetonitrile N-oxide molecule. They characterized it by ultraviolet photoelectron spectroscopy, photoionization mass spectroscopy, and mid-infrared spectroscopy and assigned observed bands to the fundamental transitions, as well as to several overtones and combination bands. 9 Pasinszki et al. 9 emphasized the strong dependence of AOX symmetry on the electron correlation observing that different levels of theory lead to a C s equilibrium structure or turn out a C 3v geometry. The AOX microwave spectrum recorded in the ground state and in the two first excited bending states 12, 13 is consistent with a symmetric top. [10] [11] [12] [13] AOX was obtained as products of reactions of oxygen atoms and acetonitrile in solid argon. 14 Methyl isocyanate is the isomer which has inspired more interest. First measurements of the microwave spectrum occur during the 1960s 15, 16 followed by the series of papers of and Kasten and Dreizler. 21 Koput measured in the 8-40 GHz region using Stark spectroscopy. The analysis was accomplished in terms of the quasi-symmetric top molecule model, accounting explicitly for the large-amplitude CNC bending motion, and internal and overall rotation. 17, 18 Thus, he estimated the barrier to linearity to be 1049 cm −1 , the equilibrium CNC valence angle to be 140.2 • , 17 and the V 3 barrier to be 20.62 cm −1 . 18 The dipole moment dependence on the CNC bending was explored.
The analysis of the MIC rotational spectrum is especially arduous given the high density of low energy rovibrational states derived from excitations of the torsional and CNC bending modes. 18 Cernicharo et al. 4 recovered this analysis after noticing several previous uncertainties, sometimes larger than the experimental precision, relevant for the interpretation of the new astrophysical observations. New experiments 4 were performed following different steps to identify line sequences and providing various sets of Watson's A-reduced Hamiltonian parameters (hyperfine resolved or unresolved). Rare coincidences between the sets and large differences with some previous assignments of Koput 18 MIC structure was confirmed in a subsequent electron diffraction study by Anderson et al. 22 Fateley and Miller observed far infrared transitions in gas phase. 23 The infrared and Raman spectra of the gas and solid phases were measured by Sullivan et al. 24 in the 3200-20 cm −1 and 3200-10 cm −1 regions, respectively. Reva et al. 25 recorded the infrared spectra of methyl isocyanate isolated in Ar, Xe, and N 2 matrices.
In this paper, we use explicitly correlated ab initio methods that usually provide very accurate rotational and torsional parameters [26] [27] [28] [29] for a theoretical characterization of the C 2 H 3 NO isomers at low temperatures. Equilibrium structures, vibrational frequencies, and rovibrational parameters are determined. Special attention is given to the determination of torsional energy levels and rotational constants. These are compared with recent experimental data.
RESULTS AND DISCUSSION

Computational details
The electronic structure calculations, needs as inputs of the rovibrational calculations, were achieved using the codes Gaussian 30 and Molpro. 31 Throughout the work, two different theoretical procedures were utilized. The torsional properties were computed with a variational procedure implemented in our own code ENEDIM. [32] [33] [34] For this purpose, we used as inputs potential energy surfaces of reduced dimensionality. Explicitly correlated coupled cluster theory with singles and doubles substitutions augmented by a perturbative treatment of triple excitations (CCSD(T)-F12b), 35, 36 implemented in Molpro, was applied to characterize the equilibrium geometries and for computing potential energy surfaces. The rotational and rovibrational parameters, as well as energy states corresponding to the medium and high frequency vibrational modes, were explored using vibrational second order perturbation theory (VPT2) 37 implemented in Gaussian. 30 The VPT2 full-dimensional anharmonic force field was determined with second order Møller-Plesset theory (MP2). 38 The employed basis set was Dunning's type aug-cc-pVTZ 39 (denoted by AVTZ). For the explicitly correlated calculations, the MOLPRO default options were selected. The atomic orbitals were described by the AVTZ basis set in connection with the corresponding basis sets for the density fitting and the resolutions of the identity (the basis set is denoted by AVTZ-F12). To obtain reliable equilibrium rotational constants, the core-valence electron correlation effects were introduced using CCSD(T) (coupled-cluster theory with singles and doubles substitutions, augmented by a perturbative treatment of triple excitations) 40 and the cc-pCVTZ basis set (denoted by CVTZ). 41
Equilibrium geometries and rotational constants
A priori six structures type CH 3 -X-Y-Z (X, Y, Z = C, N, O) can be postulated. To confirm stabilities and for TABLE II. Rotational constants (in MHz) and dipole moments (µ in D). a preliminary search of the minimum energy geometries, CCSD(T)-F12 calculations were achieved in connection with a smaller basis set than AVTZ-F12. Although this level of theory is considered to be too high for a preliminary scrutiny, we assumed that electron correlation could play an important role for many isomers. A species with formula CH 3 -NOC was not identified whereas CH 3 -NCO (MIC), CH 3 -OCN (MC), CH 3 -CNO (AOX), and CH 3 -ONC (FULM) were found to be stable species. All these ones present real harmonic frequencies, although their viability at standard conditions can be very low. Another species, CH 3 -CON, behaves as an equilibrium structure when MP2 theory is employed and as a transition state (TS) when CCSD(T)-F12 is applied. We provide only its most relevant properties.
Methyl isocyanate
All the structures showing real harmonic frequencies are examined in this paper. The four isomers display very different structural and spectroscopic characteristics. At the CCSD(T)-F12 level of theory, MIC, MC, and FULM and the transition state MCON show bended skeletons, a single C s conformer, and present non-rigidity. On the other hand, acetonitrile Noxide, AOX, is a C 3v species with a linear skeleton, and it cannot be strictly considered a non-rigid molecule because the methyl group is a free rotor. In all the cases, the ground state potential energy surfaces show three equivalent minima. Figure 1 represents the four conformers and the transition state, their energy differences with respect to MIC and the atom labelling. The structural parameters of the non-rigid species and their rotational constants are shown in Tables I  and II, respectively. Table III summarizes the corresponding properties of the linear AOX. Relative energies and geometries were determined with CCSD(T)-F12/AVTZ-F12 whereas the zero point vibrational energies (ZPVE) were calculated with MP2/AVTZ.
One fact with relevant effects on the rotational parameters is the linearity of the molecular skeleton. AOX shows a linear skeleton when its structure is determined with CCSD(T)-F12. However, it appears not be linear when MP2/AVTZ is used. These correlation effects were already emphasized. 9 For the remaining structures, the angles between the heavy atoms are the following: C3N1C2 = 136. V. CCSD(T)-F12b/AVTZ-F12 harmonic frequencies (ω, cm −1 ), MP2/AVTZ anharmonic fundamentals (ν, cm −1 ) and estimated band centers a (ν, cm −1 ) and IR intensities (I , D 2 /Å 2 u).
Methyl isocyanate Assign
ν ω Estimated band centers I Expt. 24 The CCSD(T)-F12/AVTZ-F12 equilibrium rotational constants of Table II were employed to determine the corresponding ground state parameters with the straightforward formula [26] [27] [28] [29] 
where ∆B vib represents the vibrational contribution to the rotational constants derived from the VPT2 α r i vibrationrotation interaction parameters determined using the MP2 cubic force field (see below), and ∆B e core is computed from B e (CV) and B e (V) which were calculated correlating both core and valence electrons (CV) or just the valence electrons (V) in the post-SCF process, ∆B core e = B e (CV) − B e (V).
(2)
For MIC and MC, the computed parameters A 0 , B 0 , and C 0 are compared with experimental data from Refs. 3-5 and 18. In general, the agreement is very good with the exception of the MIC A 0 rotational constant. This parameter has been calculated to be 76 164.32 MHz far away from the fitted value of Cernicharo et al. 4 (128 402 (13) MHz), using the AABS package for Assignment and Analysis of Broadband Spectra. 42, 43 The difference |A 0 ab initio − A 0 exp | reaches 52 237 MHz. 4 A better agreement is obtained with the parameters fitted by Koput 18 and Halfen et al., 3 although the differences |A 0 ab initio − A 0 exp | = 2315 MHz 18 and |A 0 ab initio − A 0 exp | = 2231 MHz 3 are too large if we compare them with the usual accuracy found when CCSD(T)-F12 theory is applied. [26] [27] [28] [29] This method usually provides a precision of few MHz.
The divergence obtained for A 0 contrasts with what is obtained for B 0 and C 0 . For these two parameters, |B 0 ab initio − B 0 exp | = 20 MHz, 18 31 MHz, 3 3 MHz, 4 and |C 0
ab initio − C 0 exp | = 2 MHz 3,4,18 which represents an expected accuracy.
In Table I , the MP2/AVTZ dipole moments (µ = 3.2513 D (MIC); µ = 4.9281 D (MC)) are shown. Experimental values are available for MIC (µ = 2.88 D), 16 for MC (µ = 4.26 (46) 7 ), and for AOX (µ = 4.49 D 9 ). Differences between MP2 and experimental values are of a reasonable order of magnitude given the expected accuracy of the employed techniques.
Finally, Tables I and II collect structural parameters and rotational constants of the CH 3 -CON species which is described as an isomers when MP2 theory is used and as a transition state when CCSD(T)-F12 calculations are applied. Both levels of theory lead to different equilibrium geometries. The angle H5C3C1O2 describing the methyl torsion is found to be 0.0 • or 180 • depending on the level of theory.
Full-dimensional anharmonic analysis
Tables IV-VI summarize relevant VPT2 spectroscopic parameters. The harmonic contributions were determined at the CCSD(T)-F12 level of theory whereas a MP2/AVTZ anharmonic force field was used to compute the anharmonic corrections.
Table IV displays the rotational constants determined in the first excited vibrational levels corresponding to the torsional and the skeletal bending modes. They were computed using the CCSD(T)-F12 equilibrium parameters and Eq. (1). The vibrational contributions ∆B vib were determined at the MP2 level of theory. The large dependence of the methyl isocyanate A rotational constant on the vibrational energy (A 0 = 76 164.32 MHz and A(ν 10 = 1) = 83 247.16 MHz) must be highlighted. It can be the origin of the large discrepancies observed in the fitted parameters of the effective Hamiltonians employed for the assignments of MIC spectra. 3, 4, 18 Perhaps, neglected high order terms describing the rotational-vibrational interaction are mandatory. Assignments of methyl cyanate fulminate which behaviors are customary, are easy. Table V summarizes the CCSD(T)-F12/AVTZ-F12 harmonic and the MP2/AVTZ anharmonic fundamentals of all the isomers and all the vibrational modes. The band center positions were estimated combining both levels of theory. For MIC and MC, computed values are compared with the band center positions of the gas phase IR and Raman spectra measured by Sullivan et al. 24 and the gas phase IR spectrum of Pasinszki and Westwood. 8 With few exceptions, there is an agreement between computed and observed band centers. It has to be taken into consideration that VPT2 is not a proper theory to characterize torsional states. Fermi interactions are predicted using the algorithms implemented in Gaussian. 30 Band suffering relevant displacements are emphasized in bold.
Finally, Table VI collects set of centrifugal distortion constants. They are parameters of the I r representation of the A-Watson reduction Hamiltonian. For MIC and MC, computed data are compared with the experimental ones from Refs. 4 and 5. The cubic terms of the anharmonic force field were used to predict possible Fermi displacements using the Gaussian 09 algorithms. 30 Significant interactions between levels of the out-of-plane torsional modes and the remaining vibrational energies including the large amplitude bending modes are not expected. This supports the use of one-dimensional operators for torsional energy computations.
Torsional energy levels
The torsional energy levels of MIC, MC, and FULM were computed by solving variationally the following onedimensional Hamiltonian:
The validity of the one-dimensional model is supported by the test of the Fermi interactions performed with the algorithms implemented in Gaussian. The θ independent coordinate was defined with the following linear combination:
In Eq. (2), B θ (θ) are the kinetic energy parameter, and V eff the effective potential energy surface,
B θ (θ) are the G matrix elements in cm −1 . 33 They were determined using the ab initio geometries and the algorithms implemented in the ENEDIM code. 32 The values corresponding to the selected coordinates were fitted to Fourier expansions formally identical to the potential energy surfaces. Details concerning the procedure can be found in Ref. 33 V(θ) is the ab initio one-dimensional potential energy surface; V ′ (θ) and V ZPVE (θ) represent the pseudopotential and the zero point vibrational energy correction, 44 respectively. Kinetic and potential energy parameters were computed and fitted to Fourier series using the ENEDIM code [32] [33] [34] Torsional energy levels are represented in Figure 3 . All the calculated energies of MIC are found above the torsional barrier. This causes a particular distribution of the energies coincident with previous estimations of Koput. 18 The fundamental torsional frequency 0 → 1 was determined to be 76.9 cm −1 (A 1 → A 2 ) and 27.04 cm −1 (E → E). The splitting of ν = 0 was evaluated to be 8.28 cm −1 . On the other hand, the methyl cyanate fundamental was predicted at 131.27 cm −1 (A 1 → A 2 ) and 130.34 cm −1 (E → E), and the splitting of ν = 0 to be 0.03 cm −1 . The corresponding energies of methyl fulminate are obtained to be 200. 33 
CONCLUSIONS
Spectroscopic and structural properties are determined for methyl isocyanate, methyl cyanate, methyl fulminate, and acetonitrile N-oxide using explicitly correlated coupled cluster methods. We provide relative energies, as well as rotational, rovibrational, and torsional parameters considering that rotational line intensities and partition functions required for the assignments of the radioastronomical observations depend strongly on the low energy torsional and skeleton bending mode excitations. There are four essentials that can be emphasized: an excellent agreement is found with previous experimental parameters. The difference |A 0 ab initio − A 0 exp | > 2000 MHz is inacceptable given the usual accuracy of the CCSD(T)-F12 method. The large dependence of the methyl isocyanate A rotational constant on the vibrational energy can be the origin of the large discrepancies. The quasi-linearity of MIC cannot explain this divergence because MIC is the "least linear isomer". The skeleton structure varies slightly with the internal rotation.
In this work, we provide sets of spectroscopic parameters obtained using highly correlated ab initio methods. We believe that our parameters can be used as starting points for the fitting of the effective Hamiltonians employed for spectra assignments. Both rotational and torsional parameters are provided because at very low temperatures, the low energy levels can be populated. The calculated parameters allow to compare the different isomers. Whereas MC and FULM show predictable behaviors, MIC represents a "tricky species" where some data, i.e., the A rotational constant, present an unexpected behavior. Future MIC studies require strong collaborations between theory and experiments to define properly the terms of the effective Hamiltonians.
